Second messengers have a key role in linking environmental stimuli to physiological responses. One such messenger, cGMP, has long been known to be critical to many different processes in higher plants while guanylyl cyclases (GCs), enzymes that catalyse the formation of cGMP from GTP have largely remained elusive. This is somewhat surprising considering that the unicellular green alga Chlamydomonas reinhardtii contains >90 annotated GCs. We have recently shown (PLoS ONE 2(�): e449) that a PLoS ONE 2(�): e449) that a recombinant cytoplasmic domain of the Arabidopsis brassinosteroid receptor AtBRI has GC activity in vitro. This finding may suggest that other leucine-rich receptor kinases such as the phystosulfokine receptor may also confer GC activity as it has a high degree of similarity in the domain that has been delineated as essential for catalysis. In addition, the discovery of increasing complexities in the molecular architecture of higher plant nucleotide cyclases (NCs) is entirely compatible with findings in Chlamydomonas where such domains appear in >20 different combinations suggesting a role in highly diverse and complex signaling events.
IntroduCtIon
It is becoming increasingly clear that both cyclic nucleotides, cGMP and cAMP, and hence the generating enzymes guanylyl and adenylyl cyclases play important roles in many diverse biological processes. [1] [2] [3] Here we shall focus mainly on GCs and cGMP. The latter is implicated in responses to both abiotic and biotic stresses, 4 ,5 the gating of channels, 6, 7 plant hormone signal transduction 8 nitric oxide (NO) dependent signaling [9] [10] [11] as well as the regulation of transcription. 12 We hypothesize that other processes that are also critically dependent on the second messenger cGMP remain to be discovered and that catalytic domains capable of generating cGMP from GTP are part of a growing family of highly diverse multi-domain enzymes.
nuCLeotIde CyCLASe doMAIn orGAnIzAtIonS
We have learnt from animal GCs that several distinctly different GC domain architectures exist ( Fig. 1 ) that can be divided in two groups, the soluble GCs and the particulate GCs. The former typically have a highly conserved NO binding site [13] [14] [15] and play a key role in NO sensing and signal transduction; the latter serve as transmembrane receptors where the GC domain located next to a kinase domain is in the cytosol. One of the best studied examples of the latter type are the Atrial Natriuretic Peptide (ANP) receptors. 16 To-date there are two experimentally confirmed GCs reported in higher plants, the first is soluble but not NO sensitive. 17 In this molecule the GC domain combines with a cysteine protease domain, 18 a combination that is also found in Chlamydomonas reinhardtii. The second GC in higher plants 19 is particulate and the brassinosteroid receptor (AtBRI1). AtBRI1 contain a leucine rich ligand binding domain, a transmembrane domain and intracellular GC and kinase domains reminiscent of ANP receptors. 16 Incidentally, the wall-associated receptor kinase-like 10 precursor (At1g79680) that we have identified as a candidate GC 17 has a domain architecture similar to AtBRI1, but here in place of the leucine rich ligand binding domain is the extracellular wall-binding anchor.
It appears that GC domains tend to combine with other domains to make multifunctional enzymes. A number of enzymes have been found to be "moonlighting" proteins with dual functions 20 and it is interesting to note that a cysteine protease was recently isolated from tomato that specifically binds to a cis-element mediating elicitor induction of 1-aminocyclopropane-1-carboxylic acid synthase expression. 21 A dual mechanism for the molecule was proposed whereby the protease acts enzymatically in the cytoplasm and as a signaling molecule in the nucleus. 21 Further support for NC multi-domain organization comes from the unicellular green alga Chlamydomonas reinhardtii with over 100 annotated NCs. In them 22 different domain architectures with 13 different partners are found (as inspected from as inspected from supfam.mrc-lmb.cam.ac.uk/SUPERFAMILY 22 ). The partners include H-NO�, periplasmic binding partners include H-NO�, periplasmic binding protein, GAF-like, protein kinase-like domain, ATPase domain of HSP90, RNI-like, ribonuclease-H, duplicated hybrid motif, CheY-like, family A G protein-coupled receptors, homodimeric domain of SIG, SAM/pointed domain and cysteine proteinase. While experimental evidence for GC function in Chlamydomonas is lacking, it appears likely that at least some of the multi-domain GCs have cGMP dependent signaling roles and it is conceivable that many more Chlamydomonas receptors and signal transducing molecules with GC domains remain to be described. Such an expansion of functional GCs would make cGMP a second messenger capable of transmitting and/or modulating highly diverse and complex signals.
In higher plants, the current situation is different; while we have functional evidence for the biological roles and mechanisms of action of many cGMPdependent processes, to date only two GCs have been shown to have catalytic activity. These two molecules can not plausibly account for the number or diversity of cGMP-dependent responses known in higher plants. The identification of additional GCs in higher plants is further complicated by the fact that BLAST searches with GC domains from either higher or lower eukaryotes do not yield any positive hits suggesting that higher plants have evolved unique NCs where only the catalytic centre 23 may show a degree of conservation. 17, 19 tHe FAMILy StruCture oF CHLAMydoMonAS nuCeotIde CyCLASeS
It appears that Chlamydomonas NCs are not closely related to proteins in Arabidopsis thaliana. The best e-value of a Chlamydomonas NC protein (or protein fragment) compared against Arabidopsis proteins using BLAST is 0.009 for a putative ethylene-responsive DEAD box RNA helicase (At5G63120.2). Another three Chlamydomonas NC proteins have BLAST e-values less than 0.05 but greater than 0.01. This makes the evolution of NC from Chlamydomonas to Arabidopsis a matter of speculation only.
Can we say something about the relationships between the Chlamydomonas NCs themselves? We carried out an all-against-all comparison of the set of Chlamydomonas protein fragments, annotated as NCs. These proteins showed evidence of homology (BLAST e-values < 0.01) with between 6 and 101 other proteins from the set. However, if homology was inferred transitively (i.e., "A" homologous to "B" and "B" homologous to "C", implies "A" homologous to "C"), then all of the protein fragments in the list could be linked, suggesting that they all belong to a single, though highly diverse family.
Because some of the proteins are fragments or very distantly related (as indicated by the fact that they do not show evidence of homology in the BLAST comparison) it was not possible to investigate the relationships between them using standard phylogenetic methods. However, it was possible to make use of the BLAST results to gain a general picture of the relationships between the proteins in the family. The following analysis, which we consider could be applied to many diverse protein families, relies on the fact that proteins, or protein fragments that are closely related are likely to have similar score profiles when compared to all other proteins in the family using BLAST. For each pair of protein fragments in the set, we calculated a Pearson correlation coefficient to measure the extent to which the score profiles of the two proteins are correlated. By the end of this process each protein can be associated with a vector, showing the extent to which its BLAST score profile is correlated with the BLAST score profile of each other protein in the set. We then used an unsupervised learning technique (a self-organizing map; SOM) and hierarchical clustering, to find patterns among the vectors associated with each protein fragment. MsGC-\b\3 is a NO independent soluble GC from Manduca sexta that does not require dimerisation. DdrGC is a monomeric reticulate Dictyostelium discoideum GC with two catalytic domains and DdsGC is a monomeric soluble GC. MsGC-I shows highest sequence identity with receptor GCs throughout its catalytic and MsGC-I shows highest sequence identity with receptor GCs throughout its catalytic and dimerisation domains but does not contain the ligand-binding, transmembrane, or kinase-like domains typical of receptor GCs. AtGC1 (At�g0�930) is one of three Arabidopsis proteases (At�g0�930) is one of three Arabidopsis proteases is one of three Arabidopsis proteases with N-terminal GC catalytic motifs. Organization of the AtBRI1 (At4g39400) with the three At4g39400) with the three ) with the three major domains-the extracellular leucine rich repeats, the transmembrane domain and the cytosolic kinase and GC domains.
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The result of the analysis indicates that although Chlamydomonas NCs show many different domain combinations, essentially they belong to just two distantly related clusters (Fig. 2) . All of the protein fragments are arrayed on the x-axis of each panel (Fig. 2A) . The BLAST correlation profiles of proteins on the left correspond to proteins that are closely related to the first 72 proteins on the x-axis and less closely related to the remainder. The profile on the right is reversed. These proteins have BLAST profiles that are poorly correlated with the first 72 proteins (and are therefore not likely to be closely related to these proteins) and well correlated with the remainder. The patterns discovered using the SOM are consistent with the dendrogram (Fig. 2B) inferred by applying hierarchical clustering to the vectors of BLAST profile correlations.
no rIddLe In HIGHer PLAntS
Apart from the difficulty of elucidating the evolution of higher plant NCs, one of the major outstanding questions in plant signal transduction is the link between NO sensing and the subsequent activation of a GC domain causing the generation of cGMP. In animals, soluble GCs can function as heme sensors that selectively bind NO and do so by the highly conserved H-NO� family (heme nitric oxide/oxygen-binding domain). 14, 15 The core H-NO� signature is: Hx{12}Px{14,16}YxSxR, where "x" stands for any amino acid and the number in the curly brackets determine the length of the gap. There are four Arabidopsis proteins that contain such a motif -At1g62580, At1g62580, At4g01160, At5g19160 and At5g57690-one of which (At1g62580) is annotated as chloroplast mono-oxygenase and hence implicated in gas sensing. What is more, At1g62580 also contains the core cata-
The The residue in position 1 does the hydrogen bonding with the guanine, does the hydrogen bonding with the guanine, the amino acid in position 3 confers substrate specificity and the residues in positions 10 and 14 stabilise the transition from GTP to stabilise the transition from GTP to the transition from GTP to cGMP) that is seen in many annotated soluble GCs. It will be inter-) that is seen in many annotated soluble GCs. It will be interesting to test if this molecule is indeed the missing links between NO and cGMP-dependent response in higher plants.
In summary, GCs in higher plants are a growing family of increasingly complex molecules and we predict that their roles will prove critical for highly diverse functions in plant growth and development as well as responses to the environment. 
